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ABSTRACT
The authors study the NCEP–NCAR reanalysis temperature records and find that surface daily mean
temperature cools rapidly and warms gradually at the midlatitudes (around 40°N and 40°S). This “asym-
metry” is partially related to the midlatitude cyclone activity, in which cold fronts are significantly faster and
steeper than warm fronts, and to intrusions of cold air. The gradual warming may be attributed also to the
radiative relaxation to average atmospheric conditions after the passage of cold fronts or other intrusions
of cold air. At the high latitudes there is an opposite asymmetry with rapid warming and gradual cooling;
this asymmetry may be attributed to the radiative relaxation to average cold atmospheric conditions after
the passage of warm fronts or intrusions of warm air.
1. Introduction
Among the various measures that quantify past and
future climate, temperature is one of the most common
and important measures. One of the basic characteris-
tics of earth climate in the past 3 million years or so is
the asymmetry of the glacial–interglacial cycles in
which temperature cools gradually and warms rapidly
(Imbrie et al. 1984; Lisiecki and Raymo 2005; Ash-
kenazy and Tziperman 2004). This asymmetry is related
to the slow buildup of the Northern Hemisphere ice
sheets and to their relative rapid melting. Similar asym-
metry is one of the main characteristics of the Heinrich
(Heinrich 1988) and Dansgaard–Oeschger (DO) events
(Dansgaard et al. 1984); the asymmetry of the DO
events was attributed to changes in the thermohaline
circulation (e.g., Winton 1993; Winton and Sarachik
1993; Lenderink and Haarsma 1994; Rahmstorf and
Ganopolski 1999; Kaspi 2002; Kaspi et al. 2004; Vallis
2000; Wang and Mysak 2006).
Asymmetry is found in other climate records, such as
in the 11-yr sunspot cycle (Hoyt and Schatten
1998a,b) and in seasonal river discharge, which in-
creases rapidly and relaxes more gradually (Livina et al.
2003). Asymmetry is of interest because it may be a
basic sign for a nonlinear underlying process (Schreiber
and Schmitz 2000; Bartos and Jánosi 2005, 2006; Gyüre
et al. 2007) and the asymmetry of different climate
records may be associated with different underlying
nonlinear dynamics.
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JAS2662Recently it was found (Bartos and Jánosi 2005, 2006;
Gyüre et al. 2007), based on the available land tem-
perature records, that daily mean temperature cools
rapidly and warms gradually. This analysis was limited
to continental areas with long enough temperature
records and thus does not provide global coverage.
More recently, asymmetry of temperature records in
rotating tank experiments has been reported and has
been associated with the observed asymmetry of daily
temperature records (Gyüre et al. 2007).
Here we analyze the asymmetry of temperature
records of the National Centers for Environmental Pre-
diction (NCEP)–National Center for Atmospheric Re-
search (NCAR) (Kalnay et al. 1996) database. The
main advantage of this reanalysis data is its global 3D
coverage. As follows from Bartos and Jánosi (2005) and
Gyüre et al. (2007), we find here that the daily tem-
perature asymmetry is limited to the midlatitudes; we
propose that the asymmetry is partially due to the fact
that cold fronts, which usually occur at these latitudes,
are sharper and induce faster transitions than warm
fronts. The gradual warming may also be due to the
gradual warming to average atmospheric conditions as-
sociated with radiative relaxation after the passage of
cold fronts. At the high latitudes there is an opposite
asymmetry (with rapid warming and gradual cooling),
which may be linked to the gradual radiative relaxation
to cold atmospheric average conditions after the pas-
sage of warm fronts and/or intrusions of warm low-
latitude air.
Although it is clear that atmospheric dynamics are
nonlinear, several studies suggested that the atmo-
spheric circulation is stable, that the synoptic-scale ac-
tivities may be approximated by linear dynamics, and
that their growth may be approximated as a linear tran-
sient growth of optimal perturbations (e.g., Farrell
1988; DelSol and Farrell 1995; Farrell and Ioannou
1996; Whitaker and Sardeshmukh 1998; Zhang and
Held 1999). We propose that the asymmetry of tem-
perature time series may be used as a measure of the
nonlinearity, possibly adding another point of view to
this discussion.
2. Data and analysis
For the asymmetry analysis we use 59 yr (from 1948
to 2006) of the NCEP–NCAR reanalysis data (Kalnay
et al. 1996); the database includes a global, multilevel
coverage of temperature. The finer temporal resolution
is 6 hourly (4 daily), whereas the focus of this paper is
the daily mean temperature asymmetry. The spatial
resolution is 2.5°.
Given a temperature record Ti, let the temperature
increment time series be Ti  Ti for some specified
time lag . The temperature asymmetry is then defined
as the ratio of positive temperature increments to the
total (positive plus negative) steps:
A 
p
p  n
  Ti  Ti
 Ti  Ti  Ti  Ti
,
1
where 	(x)  1 for x 
 0 and is zero otherwise. Equal
consecutive temperatures (Ti  Ti1) are excluded
from the calculation. Such cases never exceed a few
percent of the data. Thus, when temperature warms
rapidly and cools gradually, A  0.5. When A  0.5, the
record is symmetric. Below we discuss the error bars
within which the signal is considered to be symmetric.
The difference between the relative number of
warming and cooling events is (p  n)/(n  p)  2p/
(n  p)  1. Thus, for an asymmetry value of A  0.53,
for example, there are 6% more warming increments
than cooling increments (22 days a year when consid-
ering the daily mean temperatures).
Before presenting the asymmetry results, we show in
Fig. 1 three examples for the probability distribution of
the increments in daily temperature time series, Ti 
Ti1day  Ti, for 100°Ea t4 0 °N, the equator, and 60°S.
For 40°N the distribution is stretched to the left, indi-
cating that cooling increments are more pronounced
than the warming increments; to maintain an average
T  0 there must be more (positive) warming steps
than (negative) cooling steps and hence the asymmetry
should be A 
 0.5. At the equator, the probability dis-
tribution is almost symmetric, with A  0.5. At 60°S the
FIG. 1. The probability distribution of daily temperature records
from 100°Ea t4 0 °N (circles), the equator (squares), and 60°S
(diamonds). The asymmetry values are A  0.55, 0.5, and 0.47,
respectively.
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cating an opposite asymmetry with A  0.5. The asym-
metries for these three cases are A  0.55, 0.5, and 0.47,
respectively.
We note that because temperature records, to a very
good approximation, do not exhibit an overall trend on
a daily basis, the asymmetry A should be highly corre-
lated with the ratio between the average temperature
increment and the sum of average daily temperature
increments and decrements, as was verified by Bartos
and Jánosi (2005). The seasonal cycle may lead to sea-
sonal variation of A. However, when considering the
annual average of the asymmetry measure (1), this sea-
sonal effect disappears. Nonetheless, to exclude the
seasonality effect when considering the asymmetry
within the annual cycle, we first filter out the seasonal
cycle from the daily temperature records.
3. Results: Daily mean temperature asymmetry
In Fig. 2 we show the spatial distribution of the asym-
metry measure A (  1 day) of the daily surface tem-
perature records. There are several features that are
worth noting. (i) The asymmetry is maximal at the mid-
latitudes (40°N and 40°S), reflecting rapid cooling
and gradual warming. (ii) At the tropics the asymmetry
is 0.5, indicating that on average the warming and
cooling rates are almost the same. (iii) Asymmetry is
more pronounced over land. (iv) The high-asymmetry
patterns approximately overlap the storm track. (v)
High asymmetry values tend to be found at eastern part
of the continents. (vi) Opposite asymmetry is observed
at the high latitudes, indicating rapid warming and
gradual cooling. Features (i) to (iv) suggest that the
observed asymmetry may be related to midlatitude cy-
clone/anticyclone activity.
The features of Fig. 2 described above are more eas-
ily noticed in the zonal average shown in Fig. 3a. Here
the asymmetry is maximal around 40°S and 40°N,
whereas it is 0.5 at the tropics and less than 0.5 at the
high latitudes. The asymmetry is also seen in Fig. 3a to
be maximal over land.
In Fig. 3b, we show the asymmetry curves for differ-
ent time lags  of Eq. (1). The asymmetry vanishes for
time scale   1 week with asymmetry value of 0.5
everywhere. This is another indication that the ob-
served asymmetry of daily temperature records may be
associated with synoptic-scale activity that has a time
scale of approximately 1 week (Holton 1992).
If indeed the observed asymmetry is related to mid-
latitude cyclone activity and more specifically to the
related progression of cold/warm fronts, the asymmetry
should decay above the typical altitude of this activity.
In Fig. 4 we show the asymmetry of daily temperature
records (using a 1-day lag,   1 day) at pressure levels
of 850 (Figs. 4a,c) and 500 hPa (Figs. 4b,d). At the
850-hPa level, the asymmetry is very similar to that of
the surface level (Fig. 2 and Fig. 3a), whereas at the
greater height of 500 hPa (about 5.5 km) the asymmetry
of the midlatitudes is much less pronounced. The typi-
cal cold front height is about 4.5 km (Trewartha 1954)
and “at 500-mb level well-defined frontal zones are
rather unusual” (Wallace and Hobbs 2006), supporting
our suggestion that the observed asymmetry should be
linked to synoptic-scale, cyclonic, cold or warm front
activity.
FIG. 2. A map of the asymmetry measure A (  1 day), based on the surface daily mean
temperature of the NCEP–NCAR reanalysis. The average values for the time period 1948–
2006 are shown. The standard deviation of the phase randomized data and shuffled data is less
than 0.002, indicating that the asymmetry patterns are highly significant statistically. The 0.5
contour line is also included.
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calculating the asymmetry, one may wonder whether
there are other seasonal effects on the asymmetry mea-
sure. The zonal and monthly average asymmetry of the
surface daily temperatures using 1-day time lag [  1
day in Eq. (1)] are presented in Fig. 5. There is a ten-
dency of the asymmetry measure to “follow the sun,”
that is, the midlatitude asymmetry is shifted to higher
latitudes during summer. There is also a tendency of the
midlatitude asymmetry to maximize during the spring
and fall.
The statistical significance of the results and
implications to underlying nonlinearity
We estimate the statistical significance of the results
in two ways: (i) We randomly selected time series from
100 grid points from the database and shuffled each of
the time series by randomly exchanging pairs of points.
FIG. 4. As in Fig. 2, but for (a) 850- and (b) 500-hPa pressure levels; the zonal averages (as in Fig. 3a) of (a) and (b) are shown in
(c) and (d). The asymmetry of 850-hPa level resembles the asymmetry of the surface level, whereas for the 500-hPa level the midlatitude
asymmetry is very weak.
FIG. 3. (a) Zonal averages of the map shown in Fig. 2 over the entire latitude band (solid), over land (dashed), and over the ocean
(dotted). (b) Zonal averages of the map shown in Fig. 2 for different time lags of   1 day (solid),   4 days (dashed), and   1 week
(dotted). The asymmetry vanishes for 1-week lag, suggesting that the observed asymmetry is linked to synoptic-scale activity whose time
scale is a few days (see text).
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original data but destroy any temporal correlations. (ii)
We use the Fourier-phase randomization test for non-
linearity (Schreiber and Schmitz 1996, 2000), in which
just the Fourier phases are randomized while the power
spectrum and the probability distribution remain al-
most unchanged. In this way the asymmetry and the
nonlinear properties of the time series are destroyed.
We calculate the asymmetry using both methods and
find, as expected, an average value of 0.5 and a standard
deviation less than 0.002, indicating that the asymmetry
results reported above are highly significant. In addi-
tion, the asymmetry is an indication for the nonlinearity
of the underlying processes, as was also previously re-
ported (Bartos and Jánosi 2005, 2006). Moreover, be-
cause the asymmetry points to a “time direction” in the
time series, the asymmetry cannot be reproduced using
simple autoregression stochastic linear models, which
are time invariant.
4. Why daily temperature asymmetry?
What is the mechanism behind the observed midlati-
tude asymmetry according to which daily temperature
increases gradually and cools rapidly, and why do the
high latitudes exhibit an opposite asymmetry? The re-
sults presented above indicate that the asymmetry may
be related to synoptic activity that is associated with
midlatitude fronts. The midlatitude low-pressure eddies
are responsible for heat transport from low to high lati-
tudes (Lindzen 1993). These low-pressure cyclones
move to the east and are usually composed of cold and
warm fronts that rotate cyclonically (e.g., Trewartha
1954; Wallace and Hobbs 2006). Generally speaking,
cold fronts progress toward the low latitudes whereas
warm fronts progress toward the high latitudes (Sha-
piro and Keyser 1990). Cold fronts are steep and asso-
ciated with cumulus clouds and heavy precipitation;
warm fronts have a gentle slope with stratus clouds and
light rain (e.g., Trewartha 1954; Wallace and Hobbs
2006). The lifetime of a typical cyclone is between 3 and
10 days. Cold fronts can be twice as fast as warm fronts
(e.g., Trewartha 1954; Wallace and Hobbs 2006); a mid-
latitude low-pressure cyclone system usually decays
when the cold front “catches up” with the warm front
(known as an occlusion front).
The features of the cold/warm fronts seem to be as-
sociated with the observed temperature asymmetry in
the following ways: (i) The midlatitude synoptic cy-
clone cold or warm front activity transports heat from
the low latitudes to the high latitudes (the asymmetry
map shown in Fig. 2 resembles the map of transient
heat transport shown in Fig. 6; see more details below).
(ii) A low-pressure system moving to the east and lo-
cated at latitudes higher than the observer will, in some
cases, first cause a gradual warming due to the presence
of the warm front followed by a more rapid cooling due
to the passing of the cold front. This will lead to a
temperature midlatitude asymmetry as in Fig. 2. (We
note however, that a warm front does not necessarily
have to precede a cold front to obtain an average asym-
metry that is larger than 0.5—even temporally sepa-
rated cold or warm events may lead in principle to
asymmetry larger than 0.5.) (iii) In times and locations
where only cold or warm fronts are active, the radiative
relaxation to “normal” atmospheric conditions will be
FIG. 5. The zonal average asymmetry of surface daily temperature records A (  1 day)
for different months. The 0.5 contour line is indicated by the black line.
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progress poleward whereas cold fronts tend to progress
equatorward, possibly resulting in rapid warming (cool-
ing) of the high (low) latitudes. (iv) The passing of the
warm and cold fronts and the relaxation to normal at-
mospheric conditions take a few days, consistent with
the decay of the temperature asymmetry when consid-
ering a time lag of more than   4 days (Fig. 3b). (v)
Because well-developed frontal zones are limited to
heights lower than the 500-hPa level, and because the
cold front slope becomes much more moderate with
height (Trewartha 1954; Wallace and Hobbs 2006), one
would expect the asymmetry to decay above this height,
as indeed demonstrated in Fig. 4.
Transient heat flux and daily temperature
asymmetry
The transient heat flux
1 shown in Fig. 6 is based on
the surface, daily average, zonal and meridional wind
fields u and  and on the daily average surface tempera-
ture field T; it is similar to the maps shown in Gill
(1982) and in Lau and Wallace (1979). We assume that
u  u  u,     , and T  T  T, where the
overbars indicate a 5-day running mean and the primes
indicate the deviations from the running mean. We
choose a 5-day running mean following Fig. 3b in which
the asymmetry almost entirely decays for lags above 4
days. The zonal and meridional transient heat flux are
then uT and T, and hence the magnitude of the
transient heat flux vector is given by uT
2
 T
2
.
Generally speaking, there is a good correspondence be-
tween the transient heat flux shown in Fig. 6 and the
asymmetry results shown in Fig. 2, strengthening in
some sense the association of the asymmetry with eddy
activity. In regions of large transient heat flux, the
asymmetry is also prominent, possibly due to more cy-
clones (with cold and warm fronts) that are observed
there. However, the differences between Figs. 2 and 6
can be attributed to the fact that the velocity of the cold
front relative to that of the warm front may change
from place to place; this may drastically affect the asym-
metry in daily temperature records, but not the tran-
sient heat flux. Moreover, direct heat advection
through the lower branches of the Hadley, Ferrel, and
polar cells may also contribute to the transient heat
transport, but not to the asymmetry.
To further demonstrate the link between the asym-
metry and the transient heat flux, we briefly consider
the Sahara region. The asymmetry over the Sahara
desert region (between 20°–40°N and 0°–30°E) is large,
although one may expect a weak cyclonic activity in
such a desert area. We show in Fig. 7 further detailed
results of the transient heat flux and the asymmetry
index A. In the Sahara desert there are cyclones, the
“Saharan lows”, that are usually associated with the
so-called “Hamsin” (Sharav) winds; these are dry and
hot westerly winds blowing over the Sahara. These syn-
optic systems are formed in the lee of the Atlas Moun-
tains and are characterized by a significant sharp cold
front and a much weaker warm front (Alpert and Ziv
1989). The Hamsin winds are most active during
March–May (Goldreich 2003). This is also clear from
the transient heat flux (Fig. 7a), which peaks in April.
The average temperature asymmetry in this region
(Fig. 7b) shows a similar pattern, apparently with
1 It is necessary to multiply the heat flux values by C to obtain
“real” heat flux units.
FIG. 6. The annual average of the transient heat flux uT
2  T
2 (K m s
1).
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eddy heat flux patterns for the Hamsin phenomenon
further strengthens our suggestion that the asymmetry
in the daily average temperature is associated with the
cold or warm front dynamics.
Figure 8 depicts a case study for which a cold front
resulted in rapid cooling and gradual warming. During
2–3 April 2006 a strong storm occurred in the north-
eastern part of North America (see http://nws.met.psu.
edu/severe/2006/03Apr2006.pdf). The cold air originat-
ed at higher latitudes and moved eastward. The drop in
daily averaged temperature was more than 6°C from 1
to 2 April 2006 at 55°N, 65°W; then the temperature
increased for three consecutive days (Fig. 8d). Thus, the
asymmetry of the temperature record during this event
is relatively large. In addition, the cold southward in-
trusion seen at the left of Fig. 8c progressed to the east,
and caused another, more moderate, event of rapid
cooling and more gradual warming.
In spite of the above arguments that suggest a link
between the asymmetry of daily temperatures and mid-
latitude synoptic-scale activity, we find that the location
of the seasonal storm track does not coincide with the
location of the high-asymmetry features; we observed
similar dissimilarity between seasonal transient heat
flux and the seasonality in the asymmetry. In Fig. 9 we
present the annual mean of the number of cyclones per
month, per grid point as a measure of the storm track.
Following Lambert (1988) and Bell and Bosart (1989)
we define a pressure low (cyclone) as a grid point that
is lower than its four neighbors at least by P (here we
choose P  2 hPa). When using a smaller P we
obtain a similar pattern although covering a larger lati-
tude band. The annual pattern presented in Fig. 9 is
similar to the overall pattern of the asymmetry measure
presented in Fig. 2. However, the seasonal variability of
the cyclone statistics (Fig. 10) is different from that of
the asymmetry presented in Fig. 5. There are more fre-
quent cyclone events during the wintertime (Fig. 10),
when the Hadley cell is more active, whereas the asym-
metry (A 
 0.5) is stronger during the summer. This
difference indicates that the asymmetry may not nec-
essarily be associated only with cold or warm fronts
associated with cyclones in the storm track.
It might be, however, that most cyclones are symmet-
ric (i.e., the structure and speed of the fronts result in
similar cooling or warming rates) and that they are
more asymmetric during summer, thus explaining the
difference between the asymmetry of daily tempera-
tures and the storm track pattern. We conclude that the
physical mechanism of the asymmetry may partially be
due to passing fronts, but may also include additional
physical processes that we were not able to identify.
5. Summary
We report here the asymmetry of daily temperature
records, showing that temperature cools rapidly and
warms gradually at the midlatitudes. At higher latitudes
we observe an opposite asymmetry with rapid warming
and gradual cooling, whereas at the low latitudes there
is no significant asymmetry.
There are several indications for the link between the
observed asymmetry and synoptic-scale activity: (i) The
annual mean storm track and the transient heat pat-
terns resemble the annual mean asymmetry pattern, (ii)
the typical lifetime of a cyclone (roughly 1 week) may
explain why we find insignificant asymmetry for time
lags larger than 5 days, and (iii) the asymmetry is very
weak at 500 hPa, similar to the weak frontal cyclone
activity at this height.
There are several partially related ways according to
which synoptic-scale activity may affect the asymmetry.
FIG. 7. (a) The transient heat flux (K m s
1) for the different
months averaged over the eastern part of North Africa (20°–40°N,
0°–30°E). (b) Same as (a), but for the asymmetry measure.
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cold and warm fronts. Cold fronts are steeper and faster
than warm fronts, leading to faster and stronger cool-
ing. Thus, the asymmetry in the cold or warm fronts
may be linked to the observed asymmetry in daily mean
temperatures.
Second, the rapid cooling seen in the midlatitudes
and the rapid warming seen in the high latitudes may be
associated with the cold or warm fronts that propagate
toward low/high latitudes, correspondingly. After the
passage of the cold or warm front, the temperature
relaxes to the equilibrium atmospheric temperature,
where the (possibly radiative) relaxation process is rela-
tively slow compared to the front propagation. At the
midlatitudes, the temperature slowly relaxes after the
passage of the cold front to the warmer equilibrium
temperature; at the high latitudes, the temperature
slowly relaxes after the passage of the warm front to the
colder equilibrium temperature. During summer the
equilibrium temperature at the high latitudes increases
even more than the temperature caused by the warm
front and thus may partially explain the change in the
asymmetry during summer observed at the high lati-
tudes of the NH (see Fig. 5).
Third, it is possible that the rapid cooling (warming)
of the mid (high) latitudes is caused by intrusions of
cold (warm) air from the high (low) latitudes; these
intrusion events do not necessarily have the typical
characteristics of the cold or warm fronts and may be
associated with planetary waves.
In spite of the several indications of a link between
the asymmetry in daily-averaged temperatures on the
one hand and the synoptic midlatitude activity on the
other, we find that other processes may also contribute
to the asymmetry signal. This is indicated by the differ-
ent seasonal signal in the storm track and asymmetry
FIG.8 .( a ) –(c) Surface temperature (gray shading) and mean sea level pressure (black contours) over northeastern North America
on 1200 UTC (a) 2 Apr, (b) 3 Apr, and (c) 4 Apr 2006. The coastline is marked by the dotted contour. (d) Six-hourly (solid line) and
daily mean (dashed line) temperature at 55°N, 65°W [indicated by an X in (a)–(c)] during 1–6 Apr 2006. This figure illustrates the
asymmetry in surface daily temperatures caused by the passage of a cold front.
3334 JOURNAL OF THE ATMOSPHERIC SCIENCES V OLUME 65patterns. In particular, although the midlatitude storm
track is weaker during summer, the asymmetry one ex-
pects to be associated with rapid cooling associated
with cold fronts (A 
 0.5) does not weaken then. Still,
it is also possible that the structure and speed of the
fronts in most cyclones lead to similar cooling or warm-
ing rates and thus cannot be compared directly with the
pattern of the daily temperature asymmetry. It is also
plausible that other physical processes may be respon-
sible for the observed asymmetry.
FIG. 9. Annual mean of the number of low-pressure events per month. A low-pressure event is
defined as an event for which the pressure is lower than its four neighbors by 2 hPa.
FIG. 10. As in Fig. 9, but for (a) December–February, (b) March–May, (c) June–August, and (d) September–November. The storm
track is more active during winter and weaker during summer.
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